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Abstract. We calculate symmetry-restoring counterterms in supersymmetric QCD at the one-loop level. 
First we determine loop corrections to the supersymmetry and gauge transformations and find counter- 
terms in such a way that the symmetry algebra holds at the one-loop level. Then these results are used to 
derive the symmetry-restoring counterterms to all trilinear interactions. In order to obtain unique results 
it is crucial to use the Slavnov- Taylor identity, which does not only contain supersymmetric and gauge 
Ward identities but also describes the symmetry algebra. In dimensional regularization this procedure 
yields unique non-zero values for the counterterms. In contrast, in dimensional reduction we find that no 
non-symmetric counterterms are needed, neither for the symmetry transformations nor for the physical 
interactions. For the considered cases this result constitutes a definite test of the supersymmetry and 
gauge invariance of the scheme. 
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1 Introduction 

It has been a longstanding problem that dimensional 
regularization (DReg) breaks supersymmetry. In general, 
this breaking necessitates the calculation of compensating, 
supersymmetry-restoring counterterms. An efficient solu- 
tion would be provided by a manifestly supersymmetric 
and gauge invariant regularization, but no such regulariza- 
tion is known. A practically useful scheme is dimensional 
reduction (DRed), which is however mathematically in- 
consistent and thus cannot work at all orders Still it 
has been shown that several supersymmetric Ward iden- 
tities are satisfied in DRed ||] and that, as long as the in- 
consistencies of DRed do not play a role, DRed is related 
to DReg by a coupling constant redefinition and thus leads 
to equivalent results Q. 

At the same time there were severe difficulties to find 
the correct way to renormalize supersymmetric gauge the- 
ories in a regularization-independent way. In the Wess- 
Zumino gauge, which is the gauge almost exclusively used 
in practical calculations, the usual way of treating global 
symmetries by Ward identities was shown to fail for su- 
persymmetry (for an account see [H). 

By now these difficulties have been solved for exact su- 
persymmetry as well as for the case of softly bro- 
ken supersymmetry In particular, a consistent set 
of symmetry identities (Ward- and Slavnov- Taylor identi- 



ties) has been found that provides an unambiguous defi- 
nition of the theories. 

There is a major difference between the supersymmet- 
ric Slavnov- Taylor identity found in and the Ward iden- 
tities considered in [^,||]. For Green functions, the Ward 
identities can be written as 



Ssusy{T 01 . . . 0„) = {TA • 



(1) 



where Jsusy denotes the infinitesimal supersymmetry 
transformations of the fields and the composite opera- 
tor A is due to the supersymmetry breaking of the gauge 
fixing in the Wess-Zumino gauge. The symmetry trans- 
formations are generally non-linear composite operators 
receiving quantum corrections that have to be renormal- 
ized, and the meaning of (^ is the invariance of the the- 
ory under these renormalized transformations. But the 
invariance expressed by (|l|) does not necessarily corre- 
spond to supersymmetry. It only does if the renormalized 
transformations satisfy the supersymmetry algebra, and 
only the Slavnov- Taylor identity contains both the invari- 
ance of the theory and the algebra. Indeed, the Slavnov- 
Taylor identity determines the structure constants of the 
symmetry algebra and thus governs the renormalization 
of the symmetry operators. As a consequence, only the 
Slavnov- Taylor identity yields unique results for the non- 
supersymmetric counterterms or provides definite tests of 
the supersymmetry of a calculation. 
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The purpose of this article is twofold. First we de- 
velop the Feynman rules involving all the ghost fields 
and external fields that appear in the Slavnov- Taylor 
identity. Then we use the Slavnov- Taylor identity to de- 
termine supersymmetry-restoring counterterms in dimen- 
sional regularization and to check whether a given regu- 
larization such as DRed preserves supersymmetry at one- 
loop order. We do this in supersymmetric QCD with soft 
breaking, a model of particular phenomenological interest 
with generally large quantum corrections. The Slavnov- 
Taylor identity not only describes supersymmetry but also 
gauge invariance. Taking into account all its consequences 
for the symmetries and the symmetry algebra, we calcu- 
late all symmetry-restoring counterterms to the trilinear 
interactions and the required counterterms to the symme- 
try transformations. 

Section ^ sets the basis for our calculations. Since the 
Slavnov- Taylor identity is the key relation, it is briefly 
reviewed, with emphasis on the meaning of the involved 
ghost fields and of the special cases we need in later course. 

In sec. ^ we derive and discuss the counterterms to all 
trilinear interactions and the necessary counterterms to 
the symmetry transformations; in sec. ^ we present our 
conclusions. In App. ^ the Feynman rules are listed, in 
particular the ones involving the ghost fields. We need 
them to calculate the loop corrections to the symmetry 
transformation operators. The rest of the appendices is 
devoted to the explicit form of the Lagrangian, the BRS 
transformations, and the one-loop results of the necessary 
vertex functions. 



2 The Slavnov- Taylor identity of 
supersymmetric QCD 

In this section we briefly review the Slavnov- Taylor iden- 
tity of supersymmetric QCD @,@,|,|,|l§, since it is the 
mathematical expression for the symmetries of the model. 
Its knowledge is necessary for testing whether a regular- 
ization preserves the symmetries as well as for the deter- 
mination of supersymmetry-restoring counterterms. 



2.1 BRS invariance and gauge fixing 

The usual gauge fixing term of supersymmetric QCD 



1 

2? 



(2) 



does not only break gauge invariance but also supersym- 
metry because it contains only the gluon but not the 
gluino. As a consequence it is very useful to treat gauge 
invariance and supersymmetry simultaneously using com- 
bined BRS transformations. Then not only the Faddeev- 
Popov ghosts are needed but also supersymmetry ghosts. 

Actually, three kinds of ghost fields are introduced: 
the Faddeev-Popov ghosts Cq (x) that correspond to gauge 
transformations and are fermionic scalar fields, supersym- 
metry ghosts e (bosonic Majorana spinors), and transla- 
tional ghosts w'^ (fermionic vectors). Translations cannot 



be treated separately since they arise as anticommutators 
of supersymmetry transformations. Among these ghost 
fields only the Ca{x) are dynamical fields, whereas e and 
Lu'^ are space-time independent constants since the corre- 
sponding symmetry transformations are global. 

The explicit form of the BRS operator s is listed in the 
appendix. As a crucial property of the BRS transforma- 
tions, the transformations of the ghosts are determined by 
the structure constants of the symmetry algebra. Hence, 
knowing these BRS transformations is equivalent to know- 
ing all the (anti-)commutators of the symmetry genera- 
tors. It is this property that renders the BRS operator 
nilpotent, so that = up to equations of motions. 

Using the nilpotency of the BRS operator it is possi- 
ble to write down a BRS-invariant gauge-fixing and ghost 
term: For the usual ^-gauge one has 

-^fix, gh d x/Ifix, gh 7 

Ax, gh = s[Ca{fa + l^Ba)] 

- Bafa + - Cad^{D^c)a 

- Cad''{l"ff,ga) + ]^£,ie.Y e{dyCa)Ca , (3) 

with fa = d^C^ and the Faddeev-Popov antighosts Ca{x). 
For diagrammatic calculations it is customary to elimi- 
nate the auxiliary fields _Ba, yielding the usual gauge fix- 
ing term (|^). Note that the supersymmetry breaking of 
this gauge fixing term necessitates compensating terms 
involving the e ghosts. 



2.2 Slavnov- Taylor identity 

At the tree level, BRS invariance can be expressed in the 
following way: 



— d X sipi 



(4) 



where I]nv is a BRS invariant action and the sum runs 
over all fields of the model. At the quantum level, the 
BRS transformations have to be treated as composite op- 
erators. The non-linear composite operators receive loop 
corrections and have to be renormalized in the same way 
as the Green functions. It is most convenient to perform 
the renormalization of these composite symmetry opera- 
tors together with the renormalization of the Lagrangian. 
To do that we couple the non-linear BRS transformations 
s(pi to external sources according to the scheme^ 



sipi 



± 



±- 



S£ 

'SY, 



H OiY) 
0{Y,) 



(5) 
(6) 



^ The minus sign applies for complex conjugate fields. The 
reason is the reality of the BRS operator leading to the rule 
(sBos)t = a{Bos)\ {sFer)'^ = -s{Fer)'^. 
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at the classical and at the quantum level. 



ing classical action Fd is written down in App. A. 2 



The result- 

r 



denotes the renormalized effective action, the generating 
functional of one-particle irreducible vertex functions.n 
Clearly, the expectation values of products of operators 
differ from the products of the individual expectation val- 
ues. This reflects the appearance of non-trivial loop cor- 
rections to the non- linear composite operators. 

Now it is possible to write down the Slavnov- Taylor 
identity. It expresses the invariance under the loop- 
corrected BRS transformations (which incorporate gauge 
and supersymmetry transformations and translations) 
and the fact that the loop-corrected transformations still 
satisfy the desired symmetry algebra. The Slavnov- Taylor 
identity reads: 



Sin 
Sin 



, 

soin 



(7) 



with the part corresponding to unbroken supersymmetry, 



Soin 



6r sr 



5r sr 



E 



SG^ 

sr sr 



SYGa^ 

/ Sl dl dl' dl'\ 



Sy~ga 

sr sr\ 



+ 



k=L,R 

sr sr 

Sq Sy 

sr sr 

SYca SCa 

.. sr 



^Sjjk Sqk 

sr sr 

Sy Sq 

sr 

f SCa — 

SCa 



Syl Sq 



sB, 



sr 
sK 



Sujt' ' 

and the part describing the soft breaking. 



(8) 



'S'soft 



^ sr .sr sr 

sa— h sa' + sx-r- 

Sx 



Sa 
S£ 



Sa"! 

^ sp) 



(9) 



In the Slavnov- Taylor operator all fields of the model ap- 
pear: The gluons and the gluinos ga, the quark q and 
the squarks qL.R as well as the ghost fields, and the cor- 
responding sources. Due to the squark mixing, the mass 
eigenstates qi^2 are in general different from the interac- 
tion eigenstates qL,B.- We write the relation as follows. 



qk — SkLqL + SkRqR 
Vk ^ Sl^VL + SIj^vr 



(10) 



with a unitary matrix S diagonalizing the tree level squark 
mass matrix. Ssottin involves the auxiliary chiral super- 
multiplet (a, PiXi ./ = / + /o) and its hermitian conjugate. 
The main property of this auxiliary multiplet is the con- 
stant piece /o that acts like a vacuum expectation value of 
/ and generates the soft-breaking terms while permitting 
a fully supersymmetric formulation of the model. 

^ The sources Ji = —j^ for the fields are to be understood 
as the usual sources in the functional integral. 



2.3 Important special cases 

For our later applications several special cases of the 
Slavnov- Taylor identity are particularly important. First 
it can be used to describe gauge invariance by taking the 
derivative with respect to the Faddeev-Popov ghost Cq and 
setting all ghost fields and sources to zero ("gh=0"): 



= 



ssin 

sr 



sr 



sr 



SCaSYi Slfi 



SCb 



SCaScb 



'h=0 



(11) 



The functions Sr/ScaSYi are the loop-corrected gauge 
transformations of ipi^ and the last term in this identity 
is due to gauge fixing. Similarly, the Slavnov- Taylor iden- 
tity can be used to describe supersymmetry by taking the 
derivative with respect to the supersymmetry ghost and 
setting all ghost fields and sources to zero: 







ssir) 

Se 

sr sr SsxSr 

SeSYi Sipi Se Sx 



gh=0 



(12) 



Here the first term is the supersymmetry transformation 
of ipi, the last term is due to the soft supersymmetry 
breaking. When the auxiliary fields a, %, / are set to zero, 
one has Ssx/Se = -\/2(Pl — Pr)/o with the constant /q. 
Apart from the soft-breaking term, these identities are 
similar to the supersymmetric Ward identities (|^) , rewrit- 
ten for one-particle irreducible Green functions. 

As already noted, the Slavnov- Taylor identity also de- 
scribes the symmetry algebra. This information is very im- 
portant in order to guarantee that the loop-corrected sym- 
metry transformations still satisfy the (anti-)commutation 
relations that define supersymmetry and SU(3)-gauge in- 
variance. We can extract information about the algebra by 
taking derivatives of the following kind and setting then 
all ghost fields and sources to zero: 



= 

= 



S'^Sin 
SeSeSYj 

sr sr 



SeSYi SeSYjSipi SeSYi SeSYjSipi 

sr sr sr sr 



sr 



sr 



SeSeSYjSYi Sipi SeSeSYca SYjSca 



sr 



SeSe SYjSuji' 



1=0 



(13) 



The first two terms express the anticomniutator of the 
supersymmetry transformations of (pj into ipi and of ^)i\ 
the remaining terms express the right-hand side of the 
supersymmetry algebra 

{Q, 0} — equations of motion -I- gauge transformations 
+ 27^/^^, (14) 
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where the coefBcient of the translational part is fixed by 



SeSe 



= 



(15) 



Later we will use these identities taking further deriva- 
tives and setting all fields to zero. 



2.4 Definition of the model 

The Slavnov- Taylor identity is not the only symmetry 
identity in supersymmetric QCD. For an unambiguous 
definition of supersymmetric QCD we need four symmetry 
identities. We require them to be satisfied by the renor- 
malized effective action F (sec [p^): 

— The Slavnov- Taylor identity S{r) = expressing 
gauge invariance, supersymmetry and translational in- 
variance. 

- The gauge fixing condition ^ = = /a + £.Ba 
expressing the non-renormalization of the gauge fixing 
terms. 

The translationa]_ghost equation = ^^f^ (-Hixt is 



defined in App. ^) meaning that the terms involving 
uj^ do not receive quantum corrections. 
— Global SU (3) invariance and invariance under contin- 
uous R transformations with the i?-weights defined in 
tab. 0and CP invariance. 







PLQa 




q 


a 


PlX 


/ 


Ca 






Ca 


Ba 


R 





1 


1 








-1 


-2 





1 











Qc 























+1 


+1 


+ 1 


-1 





GP 





1 





1 





1 





1 





1 


1 





dim 


1 


3/2 


1 


3/2 





1/2 


1 





-1/2 


-1 


2 


2 



A key issue in this determination is the uniqueness of 
the counterterms. It is not sufficient to calculate a coun- 
terterm by considering only one symmetry identity be- 
cause all symmetry identities have to be satisfied simulta- 
neously. If, however, a counterterm is determined uniquely 
by a certain set of symmetry identities, then it is the si- 
multaneous solution to all identities. 

The strategy in this section is the following: 

— Calculate the counterterms to the supersymmetry 
transformations of the gluon and the gluino using iden- 
tities expressing the supersymmetry and the super- 
symmetry algebra. 

— Determine the counterterms to the supersymmetry 
transformations of the squarks and the quark in the 
same way. 

— Derive the counterterm to the qgq interaction using 
a supersymmetry identity together with the countert- 
erms calculated before. 

— Determine the counterterms to all three-particle gauge 
interactions and the relevant gauge transformations 
using identities expressing gauge invariance and the 
SU(3) algebra. 

— Cross-check the result for the gauge interactions using 
a supersymmetry identity relating the GpGi,G^ and 
the ggG^ interactions. 



3.1 Parametrization of the counterterms 

Counterterms can be divided into symmetric and non- 
symmetric ones. 



-^noii— syin • 



(16) 



The symmetric counterterms Aym do not destroy any 
symmetry identity. They can be obtained from the classi- 
cal action 



Table 1. Quantum numbers. R, Qc, GP, dim denote i?- weight 
and ghost charge, Grassmann parity and the mass dimension, 
respectively. The 7?-weights of the right-handed parts Prq, 
Pr^, PrX of Ihe Majorana spinors are opposite to the ones of 
the left-handed parts. The quantum numbers of the external 
fields Yi can be obtained from the requirement that the prod- 
ucts YiSifi are neutral, bosonic and have dim = 4. The commu- 
tation rule for two general fields is (piif2 = {—l)^^'^'^^^ip2'pi- 



3 Determination of symmetry-restoring 
counterterms 

In general, regularization schemes break the defining sym- 
metry identities. Since supersymmetric QCD is anomaly 
free it is always possible to restore the symmetries by 
adding appropriate counterterms -Tnon-sym that break the 
symmetries by themselves. In this section we determine 
such counterterms at one-loop order. 



(17) 



by infinitesimal renormalization transformations for fields 
and parameters [p|p^: 



- 




B - 




c - 


/ ^ 

V^G C, 


^- 


^Zci, 


9 - 


V%9^ 


c - 


\fz'cC, 


PlM - 


\J Zq^ aPL,Ft.q, 


qL,R. - 


^ \/ ZlmQl.r 


Y,- 


. 1 

\J Zi Yi, 






9 - 


-^9 + ^9, 


rui - 


-!■ nii + Snii , 



(18) 

where denotes all mass parameters of the theory in- 
cluding the soft parameters.n Owing to this structure the 

It is also possible to perform a matrix valued renormaliza- 
tion transformation of the squarks. This is important if com- 



plete on-shell renormalization conditions are desired, 
our concern the difference is not relevant. 



but for 
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contributions of /lym to all self-energies and to the inter- 
action vertex qqCf^ have completely arbitrary coefficients 
that can be chosen at will. All other contributions are 
functions of this choice. Formally this feature can be ex- 
pressed as 



n 



sym 



symi 



where the operators O^^'' correspond to the self-energies 
and the qqGn vertex and the coefficients Sg 



(19) 



(2) 



are func- 



tions of the 6s- 



(1) 



The second contribution in Fd are the non-symmetric 
but symmetry-restoring counterterms I^non-sym- Since the 
contribution of -Tsym to the coefficients of the operators 

Oj-^'' is already completely arbitrary, it is possible to as- 
sume without loss of generality that -Tnon-sym has the form 



(2)0(2) 



(20) 



In this identity the Green functions corresponding to 
the loop-corrected supersymmetry transformations of the 
gluon and the gluino are involved, and the identity de- 
termines the ratio of these two supersymmetry transfor- 
mations. The last term is due to the soft supersymmetry 
breaking. 

The notation F^-^,,,^^^ means the one-particle irre- 
ducible vertex function with external ipi . . . tpn fields 



S"r 



Sipi . ..Stpn 



(23) 



and the momentum arguments denote the incoming mo- 
menta (note that e is a constant and thus does not carry 
a momentum). 

In order to obtain the counterterms it is sufficient 
to consider the high- momentum limit. Then the soft- 
breaking term is negligible, and the results from App. ^ 
yiel d (the quantities C{A) and T{F) are defined in Ann. 
E.l, and the one- loop functions Bo arc defined in App. O) 



which means that -Tnon-sym does not contain contributions 
to the self-energies and the qqGf^ vertex. 

This parametrization of the counterterms we will use 
in the following calculations. Since it is completely gen- 
eral, our results are valid independently of the symmet- 
ric counterterms. Hence they hold for all renormalization 
schemes such as the AIS or the on-shell scheme. But since 
this parametrization avoids redundancies it is particularly 
well suited for a transparent discussion. By construction, 
the symmetric counterterms drop from all symmetry iden- 
tities, and therefore the number of unknown counterterms 
in the identities is minimized. 

There is only one restriction we impose on Tnon-sym- 
Since all common regularization schemes preserve global 
SU(3)- and CP-invariance, we do not admit counterterms 
in -Tnon-sym that break these symmetries. 



3.2 Gluon and gluino self energies and supersymmetry 
transformations 

Taking the derivative of the Slavnov- Taylor identity 

s^s{r) 







SGbf^SeSg^ 



(21) 



and setting all fields to zero we obtain an identity relating 
the gluon and gluino self energies]^ 

= ■r,|^YG:;(-9'9)^G,^Ge„(9:-'7) 



(22) 



In the rest of this section F denotes the one-loop effective 
action including the contributions of Tnon-sym- The symmetric 
counterterms do not appear since they drop from every sym- 
metry identity. 



= (-7^2 ^ ^gp) ^ 
asT{F) 



, asC{A) ( „ 1„ ^ „ 

^ + "Ycgt H y-OQ - -WDRog + -DO 



47r 

1 + &Gcy 

asF{F) 



-2B, 



Bq — 16*0 Reg — B( 



2Bn 



4tt 

(-7V+^g^)x 

, asC{A) 2 



(24) 



Thus, in dimensional regularization (^DRog = 1) this iden- 
tity is not satisfied on the regularized level; one has to 
choose non- vanishing values for the counterterms 



2 a,C{A) 
3 47r 



7DRcg 



(25) 



to the supersymmetry transformations of the gluon and 
the gluino. 

In order to determine the individual counterterms we 
derive an identity corresponding to the supersymmetry 
algebra: 

5'^S{F) 



SG'^SeSeSYa^ 



=> = r^lYc'^YcirGlG^, 



FG-^.-^Y.^ry^iic^ 



S'^SUJP 



je^g"^G;;yG!;-p + 2 — Tc^jy^Mx > (26) 
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which yields in the high-momentum Hmit 



^cYg 



(27) 



The physical meaning of this identity is the constraint of 
the supersymmetry algebra on the product of the trans- 
formations of the gluon into the gluino and backwards — 
correspondingly it determines the sum of the two countert- 
erms. In contrast, the previous identity (|2^) determines 
the ratio of the two supersymmetry transformations and 
therefore the difference of the counterterms. 

Hence, taken together both identities lead to a unique 
value for the counterterms 



47r 



7DRcg 



(28) 
(29) 



The counterterms (SceeVc ^^'^ ^cYg "^iH ^lot need in the 
following. 

This result is a simple illustration of the discussion 
at the beginning of this section. Apparently there are in- 
finitely many different counterterms that solve (^5|) or 
equivalently (|2|), i.e. restore the gluon-gluino identity. 
Only one particular choice, however, also solves the second 
identity (|2^) . Therefore it is essential to take into account 
the identities that correspond to the supersymmetry alge- 
bra. 



3.3 Quark and squark self energies and supersymmetry 
transformations 

Using the following derivative of the Slavnov- Taylor iden- 
tity we obtain an identity relating the quark and squark 
self energies:^ 



8q5q\5Z 



(30) 



In the high-momentum l imit this reduces to (the quantity 

asC{F) 



C{F) is defined in App. E.l 



0^V2q^S,LPL~SMPi^)(l^ 

-V2q^{S,LPL-SmPu) 



5,, 



■ye? 



47r 



1 + 6yqi 



(2Bo ~ l^DRcg - (Bo))) ,(31) 



^ We suppress the colour indices since the following identities 
are trivial in colour space. 



which is satisfied provided the counterterms fulfil 

c^sCiF), 



47r 



7DRcg 



(32) 



Again, these are counterterms to the supersymmetry 
transformations, and the considered identity only fixes 
their difference. 

As in the gluon/gluino case we need an additional iden- 
tity corresponding to the supersymmetry algebra to find 
unique values for these counterterms, given by 







6qj6eSedyi 



PyiqePqjey ~ Pq^y^lPyitq'^ + ^^j- Pq^yiU}" 

(5g 9j<^y^x~^ g- ^qj^vix 



(33) 



In the high-momentum limit only the second, third and 
fourth term contribute, with the resultM 



= 2#y [1 + 6y,q + Syq,j - 2^5y . (34) 

The unique solution for the counterterms is thus 

asCiF) 1, 



Syeq — 5yqe 



in 2 



7DReg 



(35) 



3.4 Gluino-Quark-Squark vertex 

One very important consequence of supersymmetry is the 
relation between the interactions of quarks and squarks 
with giuons and gluinos. This relation can be expressed 
by the following identity: 







d'^s{r) 



SqLSqlSgaRde 



= rgaReYG^ik,~k)r^^^,^Q^^{p, -p',k) 

+ (P-ganeqLy, ik,P, -P')rqlq^ {-p' , P') 

j=l,2 

- ^qlyei-p''P')^qi^9aHqiP, -/) 
+ ^qUanq'^-P ' '^'P)^qL-eviP^ ~P) 

+ - -(p, -p', k, 0) . 

gl qLqlQaRX^^' f 7 1 / 



(36) 



In this identity we choose definite interaction eigenstates 
for the squarks as external legs and consider only the right- 
handed part of the gluino gji = Png- This simplifies the 

^ The values for the vertex functions involving , (f can 
easily be inferred from the corresponding ones involving y, q 



using the flipping rules of . 
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computation, but due to (only softly broken) C- and P- 
invariance it is sufficient to obtain the supersymmetry- 
restoring counterterms to all ^^(/-interactions. 

The identity ( |36| ) has to hold for arbitrary external 
momenta. Since the counterterms to the interactions are 
momentum- independent, it is very convenient to consider 
the limit vii ^ |fc^| <C \p^\ = \ {p' — where nrii denote 
the masses in the theory. In this limit all masses can be 
neglected, and k can be neglected compared to p except 
in the terms that would lead to infrared divergences for 
fc = 0. The only remaining terms are 

+ {r9aR-eqLvAf'^P'-P')rqiq,i-P'^P') 

- ^qlv^i-P ^P)^iLgaRq{P:k,-p) . (37) 

The physical meaning of the first and the last term is ob- 
vious. They relate the qqC^j, and qqg interactions, multi- 
plied with the corresponding supersymmetry transforma- 
tions of the gluon and quark, respectively. The other terms 
are particularly interesting: They involve supersymmetry 
transformations of squarks into products of the form Zgq 
— such transformations are not present at the tree level 
but can be generated at one-loop order. The corresponding 
Feynman graphs are all finite and thus involve no regular- 
ization ambiguity. In the limit defined above the results 
are 

+ ^C{A)[B,{e)+B, + lp'C,]) 

+ 9^[2C,-C,]+C{F)[2C,]) 

+ ^[C{F){-B^ + B^-p'C^) 

+ ^^(4Bo + Ip'Ci - 2fcReg)]) (38) 

The arguments of the one-loop functions are as in eq. ( |67| ) , 
except where indicated differently. Most of the terms can- 
cel, leaving only 

= 2i,gPRT^^(~5Yage + ^C{A)[p'Co - i?o(fc') 

+ 2p^Cl +Bo- l6lDRcg] + Syg, + 6ggg^ .(39) 

For the terms Cq and Bo{k^), which are infrared divergent 
for 1 1 1 ^0, one can easily verify the identity 

lim (p2Co(p^(p + fc)2,A:2, 0,0,0) -Bo(fc^ 0,0)) = 

- 2p^Ci - Bo . (40) 



Thus, all Bq, C'i functions cancel perfectly, leaving an iden- 
tity for the counterterms, 

= ^qgq ~ ^Yage - T^C'(^)^DRcg + ^yqe , (41) 

47r 

that has a unique solution for the countcrtcrm to the qgq 
interaction 

Sgg, = ^ [l^iA) - ^C{F)^ ^DReg , (42) 
or written in terms of a counterterm Lagrangian 

■^non— sym, qgq — ^^qgqV'^ 

(QLdPLq + qPngqL - q^gPRq - qPLgqa) ■ (43) 

Here the result obtained for the gPR^qi-interaction has 
been extended to the other ggg- interactions. The respec- 
tive calculations can be done in the same way and yield the 
same result due to hermiticity and (softly broken) C- and 
P-invariance. As can be easily checked, P-invariance is not 
violated by the regularization, and therefore i?-violating 
counterterms like qPngqR are not necessary. 

Hence, in dimensional regularization (^DRog = 1) an 
additional counterterm is necessary to compensate the 
supersymmetry breaking of the regularization. In dimen- 
sional reduction, however, this counterterm is not neces- 
sary. Both results have already been anticipated in , so 
eq. ( ^ ) provides a confirmation on the basis of a rigorous 
definition of the model using the Slavnov- Taylor identity. 

We want to stress that the result for the counterterm 
Sqgq is unique. The uniqueness guarantees that Sggg is not 
only the solution of (pq) but of all symmetry identities. 
To arrive at this result the unambiguous calculation of 
the counterterms to the supersymmetry transformations 
in the preceding subsections has been necessary. In par- 
ticular, in dimensional reduction only the combination of 
all these calculations implies that supersymmetry is pre- 
served in this sector. 



3.5 Gauge interactions 

In the previous subsection we have determined the coun- 
terterm to the qgq interaction. All other trilinear in- 
teractions of supersymmetric QCD are gauge interac- 
tions: qqG/^i, qqGfi,, ggG^, and GpG^G^. We have ex- 
plicitely checked that all symmetry identities that deter- 
mine these interactions hold automatically in both regu- 
larization schemes, although 75-interactions are involved. 
Since these identities are not due to supersymmetry, and 
since the gauge invariance of both schemes is generally 
known, we are brief in this subsection and restrict our- 
selves to a sketch of the calculations. 

The identities that determine the counterterms to the 
gauge interactions can be obtained from the following 
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derivatives of the Slavnov- Taylor identity: 



SqUqdca ' 
SqSqdca ' 
SgcSgdSca ' 



6^s{r) 

SqScaScbSy' 
SqScaScbSy' 

SgcScaScbSygd' 

SCaScbSYod ' 



(44) 



The first set of these identities expresses the gauge invari- 
ance, whereas the second set corresponds to the symmetry 
algebra. Owing to our parametrization (see sec. 3.1) there 
is no symmetry-violating counterterm to the qqG^ inter- 
action. Rather, this interaction defines the gauge coupling 
and determines the other counterterms.^ Evaluating these 
identities explicitely at one-loop order we find that they 
are satisfied at the regularized level, which has the follow- 
ing consequence for the counterterms:^ 





ScYg 


— ^gcy 5 


Sqcy 


— SccYa 


^cYg 


+ SqqG 


~ ^qcy^ 


Sqcy 


= 5ccY^ 


ScYg 




= ^gcyg , 


^gcyg 


— SccY^ 


ScYg -1 


' Sggg 


= ScYgG, 


^cYgG 


— SccYa 



These identities have the unique solution 

SqqG — SggG — Sggg — , 

Sqcy — Sqcy — Sg^y^ — SqYgG — ScYg 



(45) 



(46) 



where the only freedom is the value of ScYg: which is re- 
lated to the residue of the ghost propagator and can be 
fixed by specifying a renormalization condition for the 
latter. The important result, however, is that the non- 
symmetric counterterms to all gauge interactions turn out 
to be zero. To obtain this result, it has been essential to 
verify in particular the second set of identities in eq. (Q) , 
corresponding to the SU(3)-algebra. 

3.6 Gluon-Gluino-Gluino vertex 

In the previous subsection the result 

SjgG = Sggg = (47) 

There is nothing special about this interaction; we could 
have chosen any other gauge interaction instead to define the 
gauge coupling. 

® In particular we find the — already non-trivial — result 
that the Lorentz- and SU(3)-structure of the counterterms 
must be identical to the one of the tree-level interactions. For 
instance, in general there could be two linearly independent 
counterterms to the GGG interaction 

>Cnon-sym GGG = SqGG -^f abcG^G't, d ^G cv 

+ 5GGG2Tr(G"'G^a''G,) , 
but only Sggg can contribute. 



was derived using gauge invariance. On the other hand, 
the ggGfj, and GpG^G^ interactions are also related by 
supersymmetry. Consistency requires that the relation im- 
posed by supersymmetry must be automatically satisfied, 
which gives an important check. Equivalently, if we use su- 
persymmetry to rederive the counterterms we must obtain 
a result compatible with (|47|). 

The following identity, which is due to supersymme- 
try, connects the triple-gluon vertex and the gluon-gluino- 
gluino vertex: 



s^s{r) 



SaSG^SgJe 

^G-g.eYG^^^G^Ga, + iM^ii.,b)) 



^g.-eYG^^^GiiG-Gj, 

^Glysa-^r^^^^g-g^ H 
^ G'iGlygde-^ g^g^ 

SsXj^ 



{(^l,a)^{u,b)) 



(48) 



The vertex functions involving the e ghost correspond to 
supersymmetry transformations. 

The identity (^8|) has to hold for arbitrary external 
momenta, but for the purpose of deriving counterterms 
it is sufficient to look at the limit rrii <C \pb\ <C \pa\ and 
to consider only the leading terms in pa- In this limit the 
soft-breaking term and all the masses do not contribute, 
and all contributions get a simple analytical form, and all 
non-local terms cancel: 

. (( 2C{A) as 

U = igjabc\ y ^ ^t'DRog 

+ Sggg + SvGgc - Sy^^^GG^^adp-'^ 

+ {- SGg~a - SGeys + Sy-^.GG^l t.lui> a 

, (2C{A)as 



Sg^vs 



in 



'DRcg 



SGg~a + S 



GGG 



+ SYcge [luPat, - 'ijf.p 

av J I 



(49) 



From the longitudinal part of this equation, which is ob- 
tained by the contraction with p^, we get 

2C{A) 

OygfGG = ^ ^"DRcg + OgGG + ^Ycge ■ [oU) 

This result fixes the counterterm for the vertex function 
rGi^G"y~dt terms of the other counterterms. Inserting it 
in @ yields 

2C(A) a 

OGgg - ^ ^c'DRcg + OggG - (^Gty^ + dvcgt -151) 

This is an expression for the counterterm of the gluon- 
gluino-gluino interaction in terms of the counterterm of 
the triple-gluon vertex and the counterterms SGeyg and 
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^Ycgej calculated in subsec. 3^. The results for Sctyg and 
Svcge show that these counterterms cancel the first term 
on the r.h.s. of eq. (|5l|), thus yielding 

Sagg = Sggg , (52) 
in agreement with eq. (^7|). 

4 Conclusions 

We have calculated symmetry-restoring counterterms in 
supersymmetric QCD. We have found that in DRed no 
non-symmetric counterterms are necessary at the one-loop 
level, neither for the trilinear interactions nor for the sym- 
metry transformation operators. While identities like eq. 
( p5| ) have been checked in the literature the result 
that the loop-corrected symmetry transformations auto- 
matically satisfy the right algebra is new. In DReg coun- 
terterms for the q-gg-interaction and for most symmetry 
transformations are required. 

In order to obtain unique results we have had to take 
into account loop corrections to the symmetry transfor- 
mations and to renormalize them in such a way that the 
SU(3)- and the supersymmetry algebra are satisfied. The 
fact that the counterterms to these symmetry transforma- 
tions can be unambiguously calculated is the main advan- 
tage of the Slavnov- Taylor identity compared to simple 
supersymmetric Ward identities like eq. d3). 

The uniqueness of our results guarantees that the 
counterterms derived from only few symmetry identities 
remain correct even if we take into account all symme- 
try identities simultaneously. Only to the vertex functions 
we have not considered additional counterterms may be 
required. Therefore our results for DRed, where no coun- 
terterm is needed, constitute a definite test of the super- 
symmetry of the scheme for the considered cases. And 
when the use of dimensional regularization is desirable, 
for instance because the standard M S mass-factorization 
scheme should be used [|2j, our results show how to es- 
tablish all symmetries. 

Let us now give some final remarks on the necessity to 
calculate loop corrections and counterterms to the symme- 
try transformations. This necessity might seem disturbing. 
But using the Feynman rules and the explicit form of the 
Slavnov- Taylor identity we have provided, the calculations 
turn out to be straightforward. In fact, the one- loop cor- 
rections to the symmetry transformations are much sim- 
pler than the one-loop corrections to the interaction ver- 
tices we have considered. 

As mentioned in Q the appearance of loop corrections 
to the symmetry transformations can be traced back to 
two reasons. First, the non-linearity of the BRS transfor- 
mations can cause a difference between expectation values 
(sip) and the respective products of the classical fields. In 
the loop diagrams the non-linearity is the reason for the 
triple- or quartic couplings to the external Y sources. A 
second reason is the supersymmetry breaking of the gauge 
fixing, which necessitates compensating terms involving 
the supersymmetry ghosts. The corresponding Feynman 



rules appear in most of the loop diagrams to the super- 
symmetry transformations. Owing to these terms, loop 
corrections are even possible to supersymmetry transfor- 
mations that are linear at the tree level, e.g. the one of 
the gluon (see fig. ||). 

This sheds a light on the deep connection of gauge 
invariance and supersymmetry, which was a major com- 
plication in the renormalization for a long time and has 
enforced the introduction of the Slavnov- Taylor identity. 
Our results help to get a quantitative understanding of 
such general properties of the theory. 



We thank E. Kraus for helpful comments and T. Fritzsche, T. 
Hahn, and C. Schappacher for useful discussions and valuable 
advice in the use of the Mathematica packages FeynArts and 
FormCalc. 



A Lagrangian and BRS transformations 

In this section we give the explicit form of the BRS transfor- 
mations and the Lagrangian of supersymmetric QCD as a spe- 
cialized version of the general Yang-Mills theories discussed in 
po) . In contrast to there, we use 4-spinors throughout in order 
to obtain Feynman rules that can be used in a straightforward 
way. 



A.l BRS Transformations 

We combine gauge and supersymmetry transformations and 
translations in a single anticommuting BRS operator s. On 
the "physical" fields (i.e. the ones carrying no ghost number) s 
acts as the sum of gauge and supersymmetry transformations 
and translations, where the transformation parameters have 
been promoted to ghost fields Ca{x),e,Lj'^: 

sG" = d^c - ig[c, G"] + ej^'g - iLu'^d^'' , 
sg = -ig{c,g} - ^a'"^eFp„- + D{Pl ~ Pr)^ - iu" di,g , 

sg = ~ig{c,g} 4- ]^ecj'"' Fp^ + e{PL - Pr)D - iuj" d^g , 

sqL = —igcQL + V2ePLq — ito'^d^qL , 
sql = +igqlc + V2qPRe - iuj^d^ql , 
sqR = —igcqR — \f2ePRq — iu/ d^qR , 
sqj^ = +igq^ifC — V2qPLe — iuj" d^ql^ , 
sq = -igcq + V2m{qLPR - qRPL)^ 

+ V2iDp{qLPL - qRPR)^^^ - ito^d^q , 
sq = —igqc + V^me(— gj^Pi, -|- gj^Pj?) 

+ v^ie-f^iiD^qLyPR - (D^qRyPL) - iiu" d.q , 
sa = ^/2ePLX ~ ii^'^d^a , 
sa^ = V2xPRe — iuj'^d^a^ , 
sx^V2{PLf~PRp)e 

+ V2i{PLdpa — PRdpa'')^^€ — iu" d^X , 
sf = V2ie'y^dp,PLX ~ i^^^d^f , 

s/t = -V^idpXl'^PLe - iio^d^f . (53) 
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Here we have used the notation = GJ^T" etc. for all fields 
in the adjoint representation of the gauge group. Furthermore, 
we have used the gauge covariant derivative 



(54) 



where has to be replaced by —ifabc in the adjoint represen- 
tation, the field strength tensor 

rr = d^'c: - a-G^ - gfabcGtG", , (55) 

and the abbreviation 

Da = -giqlT^QL - q^RT^QR) ■ (56) 

Generally, the BRS operator has the important nilpotency 
property 



The parts of the Lagrangian containingthe ghosts and the 
external fields are Ca^^ gh as given in eq. (H) and 



£ext = YoaSGa^ + VgSg + YcSC 

+ VlSQl + {sq\)y\ + i/RSqR 
+ {sqli)yli + ysq-{sq)y , 

C^n = i(y^a(Pfl - PL)e)ie{PR - PL)ma) 
- 2{yPRe){ePLy) ~ 2{yPLe){ePRy) 

Then the classical action is the sum of these parts: 



(64) 
(65) 



-Tcl — y d X (£kin + Cm + C-soft + ^fix, gh + ^cxt + C-hw) 

+ 0{a,a\x)- (66) 



+ field equations 



(57) 



It satisfies all defining symmetry requirements of sec. 2.4. 



provided the statistics of the ghost fields is "wrong", i.e. op- 
posite to the one required by the spin-statistics theorem, and 
the BRS transformations of the ghosts themselves are given by 
the structure constants of the symmetry algebra, as follows: 



sc = —igc 4- iej eG/i 
se = , 
SCO — ey e . 



(58) 
(59) 
(60) 



Finally, for gauge fixing we introduce Faddeev-Popov 
antighosts Ca and auxiliary fields Ba with BRS transforma- 
tions 



sc — B — iio'^dvC , 
sB = it')" edvC — iui'^duB 



(61) 
(62) 



A. 2 Lagrangian 

The Lagrangian of supersymmetric QCD consists of one part 
containing the physical fields only, and one part containing the 
ghosts and the external fields. The first part is given by 



^phys — •^kin 4" 
-Ckin 



-Csoft , 



+ qn^Df^q + ID^qLr + \D'"qR\ - ^DaDa 

- ^9 (qlgPLq + qPRgqh - qRgPRq - qPhgqR 



Cm = —mqq — in? [\qL\^ + \qR\^) , 

^eoft = -^rhsl (PlI + PrP) g + 0{a,a\x) 



^R 



\f\^Ml tuPMlr] fqL 
mfMLR I/TmI; [qR 



(63) 



In the soft-breaking terms we have not written out the explicit 
form of the terms containing the a, x components of the chiral 
supermultiplet we use to generate the soft breaking. The usual 
breaking terms are obtained by setting / to the constant /q. 



B Feynman rules 



In this section we give a list of the Feynman rules we need in 
our calculations, in particular of the ones involving the external 
Y fields and the e ghosts. 

— We take all momenta as incoming. 

— The e ghosts are space-time independent constants and do 
not carry a momentum. 

— Many of the following Feynman rules have to be used with 
different orderings of the fermions. In the case of fermionic 
spinors the fiipping rules of have to be applied, and 
in the case of fermionic scalars and vectors the orderings 
correspond to different global signs of the vertices. For ease 
of reference we give the alternative rules explicitely for the 
cases we will need later. 

For brevity, we write 7^ instead of Pd for the classical action 
in this section. 



.5- 



,5^ 



G 



" fa c 
= - gfabc[gp,j.{Pa -Pb) 

+ g^APb -Pc)p 



G 



G 



G 



- G 



^Pa'iGVG'iG'i 

" / 

= ~ ig^ {fabcfefc{gp.pg>jv — gp-^gup) 

^" faecffbcigpagi^p gpi^gpa) 
^~ fafcfbec{gpiygpa y/ipPo";/)] 
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G onnnnn 




7 r - 



9{-k) 



c{k) 



G nrfiTfiTC 




9 ir, 



G{k) onnnrffF*; 



-igip + p')i,dkiTtj 




Yg Tinnnrtrv^ 



G 



9 iA, 



= - iV2gTtj X 
{PrSIl — PlSIr) 



ir ^ .t 

I3 9a1k,i 

= - i^gTti X 
(PhShL — PnSkii) 



Yg TffWC 




fee} 



G 



3^ 



ig^giMiySki{T"',T''}ij 



{yg,yg} 



{g,g} 



iP 

VgcCegd 

igfced 



iP — 



= igfc 



ced 



G Tffwcr*!; 



v.. 



— ig fhacikfx 



— 



c{-k) 



G{- 



{e,e} 




{yg{q),yg{Q)} 



irGiysce{-q,q) 



12 



W. HoUik, D. Stockinger: Regularization and supersymmetry-restoring counterterms in SQCD 



G U', 



G 




{yg,yg} 




= - ig{PR ^ PL)Tt, X 



+ ig{PR - PL)Ttj X 

(SkhSiL — SkRSiii) 





rf^a 



iV2gjf,T,"j X 
{-SIlPl + S^rPr) 



iV2g'y^T°j X 

[SkhPR ~ SkRPh) 



C One-loop results 




- G 



igfabc 



iP, 



1k,j'^ayi,: 

gTijSki 



iF. t -t 



gTijSk 



Vj Ca qi 

gPij 



In the following we give a list of the one-loop Feynman di- 
agrams and results for the vertex functions corresponding to 
symmetry transformations, i.e. vertex functions involving ex- 
ternal Y sources and ghost fields. We use dimensional regu- 
larization with an anticommuting 75 or dimensional reduction 
and use the variable SoRog to distinguish both results. It takes 
the value 6'DRcg = 1 in the case of dimensional regulariza- 
tion and ^DRcg = in the case of dimensional reduction. p| p°| 
We specify the results in the limit of infinite momenta, which 
is sufficient for our purposes. There all masses and the sub- 
leading momentum dependence can be neglected. In this sub- 
section 0(p") denotes a momentum dependence of the form 
X powers of log p. The vertex functions involving only phys- 
ical fields can be calculated using standard methods, so they 
are not displayed here. 

The one-loop functions appearing are defined in App. ^ 
and have the arguments 



Bo = Bo (p ,0,0) , 

Co = Co(p',(p + fc)',fc', 0,0,0) , 

Ci = Cl(p^p^O,0,0,0) , 



(67) 



^ Here a word to the consistency of the schemes is in order. 
Both dimensional reduction and dimensional regularization in 
the way we use it are mathematically inconsistent and cannot 
be used at all orders. An inconsistent scheme can yield incor- 
rect results if imaginary or non-local contributions turn out 
to be wrong, because this violates unitarity or causality. Here, 
however, it is easy to see that the difference of our schemes 
to a consistent one like the prescription of |l3j is a sum of lo- 
cal counterterms, and the results obtained using the scheme of 
|l3| with appropriate counterterms would coincide with ours. 
Therefore, our results are correct. 
^° The Feynman gauge ^ = 1 is used. 
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where p is the momentum argument of the co rres ponding ver- 
tex function. Furthermore, as explained in sec. 3.1 we introduce 
non-symmetric counterterms 5i to all vertex functions except 
for the self energies and the qqG^ interaction. These countert- 
erms have to be chosen in such a way that the Slavnov- Taylor 
identity is satisfied. 



l + dG,g- 4^-^" ) ' 



1 .A ^sC(A) ^ 

l+fc.yg i^-^O ) ' 



(72) 



(73) 



C.l Vertex functions involving Yc'^iygi^c 



Yg 



•■■<•■• 

c 



Fig. 1. The one- loop diagram contributing to the vertex func- 
tion FycI^c- 



rG'iG-yi,M-<l,0,q) = -^igfabdx 



4tt 



r, 



9 B'o fcbd X 



(74) 

(75) 
(76) 



Yg 



G 
c 



Fig. 2. The one-loop diagram contributing to the vertex func- 
tion rYcPg-- 



C.l Vertex functions involving y, y 



c 



I 



'7t 




y y 

Fig. 10. The one-loop diagrams contributing to the vertex 
function i^yyts^- 



Yg-6 



65< 




Fig. 4. The one-loop diagrams contributing to the vertex func- 
tion rYQPYc^et- 



asC{A) 1 



1 + 5, 



cYg 



4n 2 



7:Bo 



-fpSac 1 + SygS^ + 



.J = -"/f^Sac ^1 + SYast + 



asC{A) 



asCjA) 



r..YG-YG, = o{p-'') 





(68) 


Bo) 


(69) 


Bo) 


(70) 




(71) 



r t = V2{SIlPr - S,!flPL)<5,, X 

1 + 5,., + ^^Bo) , (77) 

l + 5s,,-f^l^i3o) , (78) 

l + 5..-^-^^(^o)) , (79) 

r_t ,„.J-q,g) = \/2^(5fciPfl - 5fe«Pi)<5.,x 



l + '5.,-.-^^^(Bo)) , (80) 



rqLaa^yLiP,k,-p- k) =g^T''^x 



(2Co + (1 - 2Pl)Ci) 
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G 



G 



• -«• 

c 



9 -'G 

Fig. 3. The one-loop diagrams contributing to the vertex function Fofg-YG^ 




y-g 



Vs 



m^^ G 



Fig. 5. The one-loop diagrams contributing to the vertex function Fc-^yg- 





G 



9 
G 



G 



SG 



G 



G 





>1 



gjG 



G 



G 



Fig. 6. The one-loop diagrams contributing to the vertex function Fci^G^y--- 



+ G{F)(2PlCi)) + 0{k-'' 



F. 



^LBa'^VL 47r 
^^(2Go + (l-2Pfl)Gi) 



+ G{F){2PRCi)j +0{k-^) 



(81) D One-loop functions 



(82) 
(83) 



C.3 Identities involving cj^ 



Owing t o th e non-renormalization of the terms involving u'^ 
(see sec. 2.4) we have 



^G^Yaiuii^il^^q) ~ 9p<y&abqii , 



StSt 



= 27" 



(84) 
(85) 

(86) 



We use the following one-loop two- and three-point functions 
nil: 



Bo = 



[fc2-m2][(fc-fpi)2-m2] ' 

[k^ -ml\[{k+pif -mi][{k+p2f -ml\ 



with 



,167r^ 



and the tensor decomposition 

Cm = PlpCl -|-p2,jG2 , 

Bo = Bo{pi,ml,m\) , 

Cij = Gij(p?, (p2 -pi)^,p2,mo,mi,m2) 

in the conventions of 11 



(87) 
(88) 

(89) 



(90) 
(91) 
(92) 



E Useful formulas 



W. Hollik, D. Stockinger: Regularization and supersymmetry-restoring counterterms in SQCD 



15 




Fig. 7. The one- loop diagrams contributing to the vertex function Fc^^-^^. 




Fig. 8. The one-loop diagrams contributing to the vertex functions Fq^y and Aqyt- 



I 



c 



c 



I 

G 



c 



c 



I 

G 



Fig. 9. The one-loop diagrams contributing to the vertex functions Fqgjy and -Tgtgeiit 



E.l SU{3) 





= ifabcT" , 






(93) 


fabcfdbc 


= C{A)dad , 


C{A) = 


3 , 


(94) 




= T{F)5ab , 


T{F) = 


1 

2 ' 


(95) 6 




= C{F)6i^ , 


C{F) = 


4 

3 ■ 


(96) ^ 



E.2 Spinor identities 9. 

In yCext and the Slavnov- Taylor operator several useful replace- 10. 

ments are possible. The signs are due to the bosonic statistics 11. 
of the external spinors jjg, y: 



y-gsg 

5F 5F 

Sga Syga 

5£S£ 
5q 5y 
5£S£ 
5y 6q 



-{sg)yg , 
5F 6F 

S§a ' 

5F SF 
5y'^ (5g^ ' 
5F 5F 
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